A homodimeric GrpE protein functions as a nucleotide exchange factor of the eubacterium DnaK molecular chaperone system. The co-chaperone GrpE accelerates ADP dissociation from, and promotes ATP binding to, DnaK, which cooperatively facilitates the DnaK chaperone cycle with another co-chaperone, DnaJ. GrpE characteristically undergoes two-step conformational changes in response to elevation of the environmental temperature.
Abstract
A homodimeric GrpE protein functions as a nucleotide exchange factor of the eubacterium DnaK molecular chaperone system. The co-chaperone GrpE accelerates ADP dissociation from, and promotes ATP binding to, DnaK, which cooperatively facilitates the DnaK chaperone cycle with another co-chaperone, DnaJ. GrpE characteristically undergoes two-step conformational changes in response to elevation of the environmental temperature.
In the first transition at heat-shock temperatures, fully reversible and functionally deficient structural alteration takes place in GrpE, and then the higher temperatures lead to irreversible dissociation of the GrpE dimer into monomers as the second transition. GrpE is also thought to be a thermosensor of the DnaK system, since it is the only member of the DnaK system that changes its structure reversibly and loses its function at heat-shock temperatures of various organisms. We here report the crystal structure of GrpE from Thermus thermophilus HB8 (GrpE Tth ) at 3.23 Å resolution. The resolved structure is compared with that of GrpE from mesophilic Escherichia coli (GrpE Eco ), revealing structural similarities, particularly in the DnaK interaction regions, and structural characteristics for the thermal stability of GrpE Tth .
In addition, the structure analysis raised the possibility that the polypeptide chain in the reported GrpE Eco structure was misinterpreted. Comparison of these two GrpE structures combined with the results of limited proteolysis experiments provide insight into the protein dynamics of GrpE Tth correlated with the shift of temperature, and also suggest that the Introduction Molecular chaperone proteins are involved in various cellular functions, such as protein folding, refolding/degradation of nonnative proteins, prevention of protein aggregation under stress conditions, regulation of protein activities, and so on. 1 Hsp70 is a ubiquitous molecular chaperone family found in eubacteria, eukarya, and some archaea. Hsp70-family proteins play important roles in the maintenance of protein quality, including folding of nascent polypeptides, transmembrane transport of proteins, and suppression of protein aggregation.
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Hsp70 is an ATP-dependent molecular chaperone protein that exhibits weak intrinsic ATPase activity, and it is usually present in an ATP-bound state. Although Hsp70 has low affinity with fast exchange rates for substrates in its ATP-bound state, ADP-bound Hsp70 undergoes an internal conformational change that results in comparatively high affinity with slow exchange rates for substrates. 3 This structural alteration of Hsp70 is coupled to ATP hydrolysis and ADP/ATP exchange, which is closely related to the actions of the co-chaperones, J-protein (Hsp40) and nucleotide exchange factor (NEF). 3 Both cooperative proteins are essential for efficient progression of the Hsp70 chaperone cycle.
In prokaryotes, DnaK of Escherichia coli (DnaK Eco ) is a well-known Hsp70 homologue whose ATPase activity is facilitated by an Hsp40 homologue DnaJ in synergy with substrate binding. 2 ADP dissociation from DnaK Eco is accelerated 5000-fold by an NEF, GrpE, 4 resulting in efficient ATP rebinding to and substrate release from DnaK. 5 These three proteins constitute the DnaK chaperone system. complex. GrpE is therefore thought to act as a thermosensor of the DnaK system that prevents substrate proteins from thermal denaturation. 8 In addition to GrpE Eco , GrpE of the thermophilic eubacterium Thermus thermophilus HB8 (GrpE Tth ) has been well characterized, revealing that the two GrpE show similar biochemical and biophysical properties. 9 The amino acid sequence alignment and CD spectra indicated that these two GrpE proteins probably have common structural features, including the domain composition, i.e., the N-terminal long α-helix, four-helix bundle, and C-terminal β-sheet 10 despite the low-level sequence identity between the GrpE proteins from these two species (26%). Therefore, it has been expected that the fundamental mechanism of the nucleotide exchange reaction for DnaK by GrpE is sufficiently conserved between the mesophilic and thermophilic DnaK systems. 10 While GrpE Eco and GrpE Tth have functional similarity, as described above, they also show significant differences in thermal stability and temperature-dependent conformational changes, which are tightly correlated with the optimal growth temperature of each organism.
The first part of the temperature-induced structural transition of GrpE Eco has been attributed to the unfolding of the N-terminal long paired helices, 13 which is linked to the destabilization of the β-sheet domain. 14 In the case of GrpE Tth , the lower-temperature transition with a midpoint at 90°C has been alternatively ascribed to the unfolding of the C-terminal β-sheet domain, not the N-terminal helices. 8 Meanwhile, the second transition (at 75-80°C in GrpE Eco 7 and at 100-105°C in GrpE Tth 8 ) has been considered to be responsible for the irreversible dissociation of the GrpE dimer in both species. 8, 13, 14 Structural information on GrpE Tth will therefore play a key role in informing the discussion about its thermostability and the structural mechanisms involved in its functions. Here we report the crystal structure of GrpE Tth and a novel structural basis for its thermosensing action.
Results and Discussion

Overall structure of GrpE Tth and comparison with GrpE Eco
The crystal structure of GrpE Tth expressed in E. coli was determined at 3.23 Å resolution using the single-wavelength anomalous dispersion (SAD) technique (Figure 1a) . Surprisingly, despite the large cell volume (~210 3 Å 3 ), only two GrpE Tth molecules forming a homodimer exist in a crystallographic asymmetric unit with a high solvent content (87%). The GrpE Tth dimer adopts a flat and sea angel (clione)-like shape composed of three domains in a protomer (the N-terminal long α-helix, central four-helix bundle, and C-terminal β-sheet domains), as found in the structure of GrpE Eco (Figure 1b) . 6 The structural similarity between these two GrpE proteins expected previously 8, 10 was corroborated by the results of this study as follows (see Figures 1 and 2 ).
Superimposition of each domain structure between two GrpE structures results in rmsd values of 3.7 Å (47 Cα), 1.1 Å (41 Cα), and 1.5 Å (55 Cα) for Cα atoms of the long α-helix, four-helix bundle, and β-sheet domains, respectively (Figure 1d ). In this superimposition, the topological conversion for GrpE Eco , described in the next section in detail, was taken into consideration. These values for the structural comparison were closely correlated with the degree of amino acid sequence identity (22%, 33%, and 31%, respectively). As the C-terminal β-sheet domain of GrpE Eco is mainly responsible for the interaction with DnaK Eco , 6 the remarkably similar shape of the β-sheet domain of these two GrpE proteins is thought to contribute to the functional complementarity of GrpE Tth with the heterogeneous DnaK Eco system. 10 While the long α-helix domain of GrpE Eco did not form a canonical coiled-coil structure and the N-terminal 33 residues were disordered in the crystal structure, 6 the typical coiled-coil was observed in the corresponding region of GrpE Tth . A major reason for this difference may have been the sequence diversity of the long α-helix domain, which is supported by the lower sequence identity of this domain (22%) compared to that of the other domains. GrpE Tth has the almost complete i+3, i+4 heptad repeat of hydrophobic residues from the N-terminus, and the N-terminal coiled-coil is also predicted by the COILS server, 15 whereas GrpE Eco contains an imperfect amino acid sequence for the coiled-coil formation ( Figure 2 ).
The α-helix domain of GrpE Tth has a relatively higher mean B-factor value (~198 Å 2 ) than that of the other domains (~73 Å 2 ), suggesting the structural flexibility of this domain.
Despite the conformational fluctuation, we could construct the GrpE Tth model from the vicinity of the N-termini because the N-terminal ~20 residues of the GrpE Tth dimer contact other N-termini of GrpE Tth molecules from an adjacent crystallographic asymmetric unit and the conformations of the N-terminal regions are therefore stabilized to some extent each other in the crystal.
Comparison of topology between GrpE Tth and GrpE Eco
Although both the GrpE Tth and GrpE Eco dimers have similar overall structures, we found a difference in the protein topology between the two dimer formations. For the sake of clarity,
we designated the long α-helix including α1 and α2 ( Figure 2 ) as αA (αA'), α3 as αB (αB'), and the β-sheet domain as β (β') (see diagrams in Figure 1 ). As for the GrpE Eco structure from the database (PDB ID: 1DKG), a linker inside of the four-helix bundle domain connects αA' and αB (or αA and αB'), resulting in an αA'-αB-β (αA-αB'-β') linkage ( Figure 1b ).
Therefore, the two subunits of the GrpE Eco dimer were classified as protomers proximal and distal to DnaK Eco that bound to GrpE Eco in a 1:2 stoichiometry (Figure 1b) . 6 This classification was made by Harrison et al., who built their GrpE Eco model based on the discontinuous and weak electron density at the linker region in the four-helix bundle domain. 6 In contrast to this GrpE Eco model (here designated topology A), the corresponding linker of GrpE Tth alternatively connects αA and αB (αA' and αB'; here designated topology B) ( Figure   1a ), which is unambiguously supported by the explicitly observed experimental electron density in this region ( Figure 3 ). Thus, we investigated whether the previously reported linker connectivity of GrpE Eco 6 was reasonable from a structural viewpoint. The dimerization surface is mainly constructed of the four-helix bundle domains in both quaternary structures, and 4400 Å 2 or 5800 Å 2 of surface area is buried upon dimer formation in topologies A and B, respectively. Furthermore, the distributions of hydrophobic residues and electrostatic potential maps also indicate that topology B can lead to stronger intersubunit interaction than topology A ( Figure 4 and Table 1 ). Since a previously reported DSC experiment for GrpE Eco in which the temperature of the GrpE Eco solution was elevated beyond the normal growth conditions showed that the unfolding of the long α-helix domain precedes the dissociation of the GrpE Eco dimer, 13 strong interactions at the dimer interface are considered to be necessary for conforming with the biological properties. In all cases, topology B has more favorable structural features than topology A. Therefore, topology B is suggested to be the correct conformation for GrpE Eco , as seen in GrpE Tth , and a modified GrpE Eco structure adopting topology B (here designated as GrpE Eco *), in which the chain assignments for the residues were interconverted to their counterparts, was hereinafter used as the GrpE Eco model.
We think that the poor electron density of the GrpE Eco linker 6 is insufficient for proper linkage of the polypeptide chains. However, we cannot completely exclude the possibility that topology A is the adequate conformation for GrpE Eco , and that GrpE proteins have structural diversity in their functional shapes, as suggested previously.
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Thermal stability of GrpE Tth
The optimal growth temperature of T. thermophilus (70-75°C) is at least 30° higher than that of E. coli (37°C). Comparison of the amino acid composition reveals that GrpE Tth has essential features to acquire enhanced thermotolerance relative to GrpE Eco (Table 2) . Notably, the proportion of charged polar residues of GrpE Tth (41.2%) is significantly greater than that of GrpE Eco (33.5%), especially in the case of the residues glutamate (17.5% versus 13.2% for GrpE Tth and GrpE Eco , respectively) and arginine (10.7% versus 5.6%). Correspondingly, there are fewer unionized polar residues in GrpE Tth (7.3%) compared to GrpE Eco (16.2%). In addition, structure analysis of GrpE Tth also shows evidence for its intrinsic thermostability.
The unstructured loop regions inside of the four-helix bundle and β-sheet domains were shortened by three residues each ( Figure 2 ). The GrpE Tth dimer buries 6200 Å 2 of the monomer solvent-accessible surface area, which is significantly larger than that for the GrpE Eco * dimer (5800 Å 2 ). The calculated electrostatic potential maps distinctly indicate that the N-terminal half of the four-helix bundle (α2) includes a negatively charged patch whereas the C-terminal half is positively charged, and also illustrate that the electrostatically charged area of GrpE Tth is clearly larger than that of GrpE Eco * ( Figure 5 ). This electrostatic complementarity in addition to the wide charged area would make it possible to form extensive polar interactions at the dimerization interface of GrpE Tth rather than GrpE Eco . This is supported by the much larger number of intersubunit ionic pairs between the four-helix bundle domains of GrpE Tth compared to GrpE Eco * (8 versus 0; Table 1 ). Further, several intrasubunit ionic pairs inside of the GrpE Tth β-sheet domains could serve to increase the conformational stability of this domain even at the relatively high growth temperature of T.
thermophilus compared to E. coli. All these features generally found in thermophilic proteins [17] [18] [19] contribute to the expression of the thermal stability of GrpE Tth .
Localized partial unfolding at heat-shock temperatures
Far-UV CD spectra of GrpE Tth taken at two different temperatures, including the normal growth temperature (70°C) and the heat-shock temperature (90°C) of T. thermophilus, show that there is no statistically significant change upon the temperature shift from 70°C to 90°C
( Figure 6 and Table 3 ), although the DSC data explicitly suggest a structural transition of GrpE Tth at 90°C. 8 These results lead us to hypothesize that GrpE Tth undergoes a structure alteration in the β-sheet domain, which is an "invisible" domain in CD analysis. 8 However,
with respect to the temperature-induced conformational changes, we were uncertain about the idea that the entire β-sheet domain of GrpE Tth unfolds at heat-shock temperatures as suggested previously. 8 We therefore performed limited proteolysis experiments and subsequent matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI TOF-MS) analysis for the resultant peptide fragments to investigate how much area of GrpE Tth unfolds by the heat shock. A thermophilic protease, metalloendopeptidase (MEP)
from Grifola frondosa, that cleaves peptide bonds on the N-terminal side of lysine residues, was used for digestion of GrpE Tth at room temperature, 70°C, and 90°C with time course incubation. If the whole structure of the β-sheet domain were disrupted by the heat shock at 90°C, MEP could attack peptide bonds related to all three lysine residues (Lys143, Lys146, and Lys170) in the β-sheet domain and then the corresponding peptide fragments would be detected as the proteolytic products at 90°C. However, no mass signals corresponding to fragments that had been digested at the Lys143 position were detected, although MEP
cleaved GrpE Tth at the other two lysine positions ( Figure 7 and Table 4 ). In this case, no bands corresponding to degraded peptides of GrpE Tth were detected under any of the temperature conditions without addition of MEP (Figure 7a ). SDS-PAGE analysis ( Figure 7 ) also shows that GrpE Tth was hydrolyzed by MEP at the Gly11-Lys12 bond (i.e. fragment 2 was produced)
immediately even at room temperature, and also indicates that fragments 3 (12-169 residues), fragment 5 (12-145), fragment 6 (29-145), and fragment 7 (54-145) with their complementary short peptides (Fragments 9-11) were generated at 90°C rapidly and preferentially rather than at 70°C, although only fragment 4 (29-177) and a fraction of fragment 5 were detected in the 70°C products.
In order to interpret this difference in digestion patterns appropriately, we should consider the effects of the temperature shift on both MEP and GrpE Tth . It is reported that the optimum temperature of MEP is 70°C and its activity is decreased to 20% at 90°C for 1 hour. 20 In addition, we examined temperature-dependent reaction rates of MEP by monitoring degradation of the full-length GrpE Tth under single-hit conditions, in which the limited proteolysis was performed at a GrpE Tth /MEP ratio of 5000:1 for 0-120 min. Because full-length GrpE Tth is rapidly truncated by MEP at the N-terminal side of Lys12 even at room temperature (generation of fragment 2), this area must be structurally flexible at 70°C and 90°C. Our experiments indicate that MEP reaction at 90°C is at least three times slower than that at 70°C (data not shown). This reduction in MEP activity at 90°C is also found in the results of proteolysis under mild conditions (GrpE Tth /MEP = 1000:1), in which full-length GrpE Tth significantly remains after 10 min of incubation with MEP at 90°C rather than at 70°C (Figure 7a ). However, fragments 3, 5, 6, and 7 are distinctively observed even in the 10-min reaction product at 90°C and the generation of these fragments is obviously faster than that at 70°C. These results imply that the remarkable difference in MEP digestion patterns between 70°C and 90°C reflects a temperature-dependent conformational change of GrpE Tth that is not due to increased activation of MEP. Thus, we believe that the structure of the regions around Lys54, Lys146, and Lys170 would be easily disrupted in response to increasing temperature to the extent that MEP could attack their peptide bonds. The fact that structural changes at 90°C are induced mainly in the β-sheet domain is consistent with the finding from our CD measurement. On the other hand, MEP cannot hydrolyze the Gly142-Lys143 bond either at 70°C or at 90°C, suggesting that the area around Lys143 retain its three-dimensional structure at 90°C and has comparatively high thermoresistance.
Considering these findings, we can deduce that the structural characteristics of GrpE Tth are as follows. (1) A dozen N-terminal residues do not adopt a particular conformation even at room temperature in aqueous solution. (2) At heat-shock temperatures, the localized partial unfolding takes place around Lys54, Lys146, and Lys170, whereas the region around Lys143 keeps its conformation.
Correlation between the localized unfolding and functional deficiency of NEF
The region essential for the thermosensing action of GrpE Eco is assigned to within the α-helix domain, 13 and the unfolding of this sensor domain induces destabilization of the β-sheet domain conformation at heat-shock temperatures through linkages between the two domains, e.g., a cation-π interaction between Phe86 and Arg183. 14 Despite the functional and structural similarities between GrpE Tth and GrpE Eco , similar interactions between the helical domains and β-sheet domain were not observed in our GrpE Tth crystal structure, implying that these domains of GrpE Tth are thermodynamically independent. Moreover, the N-terminal long α-helix domain of GrpE Tth forms a stable coiled-coil, as described above, suggesting that this region is no longer a thermosensor, unlike GrpE Eco . In other words, the intrinsic structural mechanisms for the heat-shock response of the two GrpE proteins seem to be different. To understand the thermosensing mechanism of GrpE Tth , we investigated the relationship between the localized unfolding and functional deficiency of NEF. On the basis of the conformational resemblance of GrpE proteins and a high degree of sequence identity (65%)
in DnaK proteins from T. thermophilus and E. coli, it is thought that GrpE Tth associates with DnaK Tth in a manner similar to that seen in the crystal structure of the GrpE Eco -DnaK Eco complex; 6 that is, DnaK Tth makes contact with GrpE Tth from one side (designated as the "front" side) of the GrpE dimer (Figure 8 ), and interaction sites are mainly found in the β-sheet domain with narrow interspersed areas in the other domains (Figures 2 and 8b ).
Amino acid residues in this contact face of GrpE are better conserved than those on the other side (the "back" side) between GrpE Tth and GrpE Eco (Figures 8b and 8c ). In addition, the temperature-sensitive Lys54, Lys146, and Lys170, indicated by the limited proteolysis experiment, are located on this DnaK interaction interface (Figure 8d ). In contrast, Lys143, at which GrpE Tth was not cleaved by MEP even at 90°C, forms an ion pair with Glu140 at the interface opposite the DnaK interaction interface, and all of the intrasubunit ionic pairs found in the β-sheet domain (Table 1) has an insufficient structural environment to function as NEF for DnaK Tth at heat-shock temperatures. Consequently, we conclude that the localized and partial unfolding of GrpE Tth , which is elicited by the heat shock and occurred at the contact area of DnaK Tth , is a structural characteristic for the low-temperature transition in DSC and is also a structural basis for the functional deficiency of NEF at heat-shock temperatures. By virtue of the site-specified and small-scale unfolding, GrpE Tth would effectively become an inactive form for the nucleotide exchange at heat-shock temperatures and it could be refolded and reactivated as NEF at permissive temperatures, implying that the NEF-inactivation in response to the heat shock would be structurally and functionally reversible ( Figure 9 ).
Methods
Cloning, expression, and purification
The grpE gene (TTHA1490) from T. thermophilus HB8 was cloned into the NdeI/BamHI sites of pET-11a (Novagen, Darmstadt, Germany), and the recombinant plasmid was transformed into E. coli strain BL21(DE3). Cells were grown at 37°C in LB medium containing 100 µg/ml ampicillin, and the expression of the GrpE Tth protein was performed 
Crystallization, data collection, and structure determination
Crystals of GrpE Tth were obtained by the hanging-drop vapor diffusion method at 20°C.
Drops of GrpE Tth were mixed with an equal volume of the reservoir solution containing 100 mM sodium acetate (pH 5.0) and 700 mM MgSO 4 . For structure determination of GrpE Tth , isomorphous heavy-atom derivative crystals of Pt and Au were prepared by soaking in reservoir solutions containing 10 mM potassium tetrachloroplatinate for 5 h and 10 mM potassium dicyanoaurate for 24 h, respectively. X-ray diffraction data were collected using an ADSC Quantum-315 detector on the BL41XU beamline at SPring-8 (Native1, Pt, and Au).
Crystals were soaked in the reservoir solution containing 25% (v/v) ethylene glycol and then flash-frozen in a liquid nitrogen stream at 100 K before data collection. Native crystals for higher-resolution data were grown under almost the same crystallization conditions described above, except for addition of acetone at a final concentration of 1.5% (v/v) to the reservoir solution. X-ray diffraction data of these crystals were collected using an ADSC Quantum-210 detector on the NW12 beamline at PF-AR (Native2). All of the data sets were processed with the HKL-2000 program package. 21 Initial phases were calculated using Pt and Au derivative data sets by the SAD method using SOLVE. 22 Three Pt and Au sites were successfully determined, and an interpretable electron density map was obtained. The phase probability distributions from derivative data sets were combined using the SIGMAA program of CCP4, 23 and then density modification was performed by RESOLVE 24 together with the native data set (Native1) at 3.75 Å resolution. Two GrpE Tth molecules were found in an asymmetric unit with a Matthews coefficient V M value 25 of 9.7 Å 3 /Da, corresponding to a solvent content of 87.3%. Several cycles of manual model building and computational refinement were carried out using the programs COOT 26 and CNS, 27, 28 respectively, until the crystallographic R-factor equaled 23.4% (R free = 24.2%) at 3.52 Å resolution. Atomic coordinates of the refined structure (Native1) were used as a model of the molecular replacement method with the program Molrep 29 to determine the phase angles of the structural factors of the Native2 crystal that gave better X-ray diffraction than the Native1 crystal. The GrpE Tth structure was refined to the crystallographic R and R free factors of 21.8% and 23.8%, respectively, at 3.23 Å resolution. The final model was validated using the program MolProbity. 30 The statistics are summarized in Table 5 . All discussion of GrpE Tth in this paper is based on the structure of the Native2 crystal unless otherwise noted. All figures representing GrpE structures were prepared with PyMOL.
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CD spectroscopy
Far-UV CD spectra were recorded with a J-805 spectropolarimeter (JASCO, Tokyo, Japan) from 250 nm to 190 nm at a scan rate of 50 nm/min, 1 nm resolution, 1 nm bandwidth, a time constant of 1.0 s, a sensitivity of 100 mdeg, and an accumulation of 10 scans. The protein concentration was 2.5 µM in 20 mM sodium phosphate (pH 8.0), and the cuvette path length was 2 mm. Spectra of the identical GrpE Tth solution were measured at two discrete temperature conditions (70°C and 90°C), in which the temperature was held constant using a water bath. The secondary structure content against the mean residue ellipticity at 190-240 nm was estimated by means of the reference set by Yang.
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Limited proteolysis experiments
Limited proteolysis experiments were performed in 20 mM Tris-HCl (pH 8.0) by incubating GrpE Tth (50 µM) with metalloendopeptidase (MEP) from G. frondosa (Seikagaku Biobusiness Corp., Tokyo, Japan) at a GrpE Tth /MEP ratio of 5000:1, 1000:1, or 500:1 (w/w).
Enzymatic digestions were carried out for 0-120 min or 1-3 h at room temperature, 70°C, or 90°C, and were terminated by freezing. The digestion patterns were analyzed by SDS-PAGE.
Mass spectroscopy
A variety of MEP-digested GrpE Tth solutions were diluted 5-fold by 0.1% (v/v) trifluoroacetic acid, and a 2-µl portion of each diluted sample was mixed with an equal volume of a matrix solution containing 10 mg/ml sinapinic acid, 50% (v/v) acetonitrile, and 0.05% (v/v) trifluoroacetic acid. Two microliters of the mixtures were spotted onto a MALDI target plate and allowed to dry at room temperature (dried-droplet method). Mass spectra were acquired using a Voyager-DE PRO Biospectrometry Workstation (Applied Biosystems, Foster City, CA) in linear mode with external calibration using a ProteoMass Protein MALDI-MS Calibration Kit (Sigma-Aldrich, St. Louis, MO).
Accession number
Coordinates and structure factors for GrpE Tth have been deposited in the PDB under accession code 3A6M. Far-UV CD spectra of GrpE Tth . The CD spectra were measured at 70°C (continuous line), and 90°C (dotted line). Secondary structure contents from the CD spectra and from the crystal structure were deduced using the reference set of Yang 32 and using the DSSP 33 program, respectively, and their values are summarized in Table 3 . Table   4 . The Asp residue at the G122D substitution of GrpE Eco (PDB ID: 1DKG) was replaced by the Gly residue, in which the atoms of the side chain had been removed.
Figure captions
The water molecules were omitted in the calculations for the number of the hydrogen bonds. 
